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Abstract
The building sector is moving towards energy-efficient design "low energy
consumption". The development of bio-based thermal insulation materials contributes
strongly to this approach. The implantation of these materials in the new designed
buildings will have an excellent impact in reducing the energy consumption and
subsequently saving the non-renewable resources depletion and in decreasing the
waste generation.
In this research, the energy performance of a new bio-insulation material prepared
from rice will be evaluated. Focusing on its physical and thermal properties such as
thermal conductivity and fire reaction evaluation. The developed insulation sample has
been made by heating a fixed quantity of rice grains in a sealed chamber at high applied
temperature and pressure to have the maximum expansion of the grains.
Initially, a set of screening experiments were carried out to reveal the best rice type
and the direction of the optimal domain of the other parameters. In terms of puffing
ability, the short grains showed a superior performance at different levels. Thus, the
material optimization has been continued using the short rice grain.
The three major factors which affect the puffing ability and thermal conductivity of
the insulation sample material production were sample weight, temperature, and
moisture ratio. These factors were operated in the range of 15-18 g, 260-270ºC and 1215% respectively. Using Response surface Methodology (RSM) in Minitab 17.0
application, a total of 15 runs for optimizing the three individual parameters in the
central composite design (CCD) were undertaken to estimate the minimum ratio of the
required response. The best-characterized sample was 12 mm in thickness with an 8×8
cm cycle shape, 0.04971 W/(m.K) thermal conductivity value, and V1 fire reaction
classification.
A comparison between the developed bio-based insulation material and the common
insulation material used in the UAE building sector mainly polystyrene was
introduced. The new bio-based insulation material component gives a big distinction
as it is cheap with huge commercialization potential, environmentally friendly,
magnificent stability under fire, no toxic gas emission, and similar thermal
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performance of the common insulation materials. These advantages make our
developed bio-based insulation material a strong competitor in the thermal insulation
market.

Keywords: Building insulation, thermal conductivity, sustainability, bio-based
insulation, energy consumption.
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)Title and Abstract (in Arabic

ألتقيم الحراري لمادة عزل جديده قائمة على أساس حيوي تستخدم في قطاع البناء
الملخص

يتجه قطاع البناء نحو التصميم الموفر للطاقة "استهالك منخفض للطاقة" .يساهم تطوير
مواد العزل الحراري القائمة على أساس حيوي بقوة في هذا النهج .توفير هذه المواد في تصميم
المباني الجديدة سيكون له تأثير ممتاز في تقليل استهالك الطاقة وبالتالي في توفير استنفاد الموارد
غير المتجددة وتقليل توليد النفايات.
في هذا البحث ،سيتم تقييم أداء الطاقة لمادة العزل الحيوي الجديدة المحضرة من األرز عن
طريق التركيز على خواصه الفيزيائية والحرارية مثل التوصيل الحراري وتقييم تفاعل المادة مع
الحريق .تم تطوير عينة العزل عن طريق تسخين كمية ثابتة من حبوب األرز في غرفة محكمة
الغلق عند درجة حرارة وضغط مرتفع للحصول على أقصى انتفاخ للحبوب.
في البداية ،تم إجراء مجموعة من تجارب الفرز للكشف عن أفضل أنواع األرز واتجاه المجال
األمثل للمعامالت األخرى .فيما يتعلق بقدرة النفخ ،أظهرت الحبوب القصيرة أدا ًء فائقًا على
مستويات مختلفة بما في ذلك نسبة النفخ وسمك العينة وشكل العينة الدائري ونعومة السطح.
وبالتالي ،فقد استمر تحسين وتقييم مادة العزل المصنعة باستخدام حبة األرز القصيرة.
العوامل الثالثة الرئيسية التي تؤثر على قدرة النفخ والتوصيل الحراري إلنتاج مادة عينة
العزل هي وزن العينة ودرجة الحرارة ونسبة الرطوبة .تم تشغيل هذه العوامل في حدود 18-15
جرام 270-260 ،درجة مئوية و ٪15-12على التوالي .باستخدام منهجية سطح االستجابة ()RSM

في تطبيق  ،Minitab 17.0تم إجراء  15عملية لتحسين المعلمات الفردية الثالثة في التصميم
المركب المركزي ( )CCDلتقدير الحد األدنى لنسبة االستجابة المطلوبة .كانت العينة األكثر ً
تميزا
بسمك  12مم بشكل دائري  8 × 8سم ،وقيمة التوصيل الحراري  ،W/(m.K) 0.04971وتصنيف
تفاعل النار .V1
تم تقديم مقارنة بين مادة العزل الحيوية المطورة ومواد العزل الشائعة المستخدمة في قطاع
البناء في دولة اإلمارات العربية المتحدة بشكل رئيسي من البولسترين .يمتاز مكون مادة العزل
الحيوي الجديد بمميزات كثيره أهمها بأنه رخيص التكلفة مع إمكانات تجارية ضخمة ،وصديق

x

للبيئة ،وثبات جيد تحت النار ،وال يوجد انبعاث للغازات السامة ،واألداء الحراري المماثل لمواد
سا قويًا في سوق العزل
العزل الشائعة .تجعل هذه المزايا مادة العزل الحيوية المطورة مناف ً
الحراري.
مفاهيم البحث الرئيسية :المواد العازلة ،التوصيل الحراري ،االستدامة ،العزل الحيوي،
استهالك الطاقة.
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Chapter 1: Introduction
1.1 Overview
The sudden increase in the energy consumption trends attracted the attention
of many aspects, depletion of energy resources and multiple environmental issues such
as CO2 emissions, global warming, climate change, etc. (EIA, 2017). According to the
International Energy Agency (IEA), the energy consumption worldwide will increase
by 50% by 2025. This increase is a result of the signiﬁcant increase in industrial and
urban activities due to the intensive country development and the dramatic increase of
population in the recent years. (IEA, 2011; IEA, 2013; Ong, 2011).
One of the most important challenges of future buildings is the reduction of
energy consumptions in all their life phases, from construction to demolition. The
building sector consumes from 30 to 40% of the world global energy, 40% of total
resources, 25% of the worldwide water and around 30% of the carbon dioxide emission
(Yang, 2014; Xing, 2011; Ibn-Mohammed, 2013; Huaman, 2014). About 35% of total
energy consumption in the buildings’ sector is residential as shown in Figure 1. Energy
consumption in the residential sectors is almost equal to twice the consumption in the
commercial sectors in different region of the world (Yau, 2013). However, there is a
declared opportunity to enhance energy efficiency (IEA, 2013).

2

Figure 1: Total energy consumption for residential and commercial building in
different regions of the world (Yau, 2013).

To reduce the energy consumption in the new designed buildings, application
of energy efficiency concept is required. This principle aims at designing buildings
with high performance using low energy-consuming systems. Energy efficiency is a
general term with multiple quantitative measures that have several indicators to
measure the changes in the energy consumption. In a simplified way, energy efficiency
refers to using much less energy compared with the current situation of the same
service (Patterson, 1996).
In construction sector in residential, industrial, and commercial buildings, the
implementation of appropriate eﬀective insulation strategies could contribute to a
lower energy consumption (Yoshino, 1995). Applying these strategies is most
important in the residential buildings since they consume a massive amount of energy
in order to provide the required thermal comfort. In addition, applying eﬀective
insulation strategies decreases the usage of natural resources such as petroleum and
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gas reserves which are used for power generation (Dixon, 2010). Using airconditioning systems is very crucial to provide thermal comfort in the buildings of
United Arab Emirates (UAE). These systems have the largest amount of energy
consumption, for example, the energy consumption in the middle east countries for
space cooling in the residential sector is approximately 50% of the total energy
consumption, as shown in Figure 2 (Energy Dubai, 2020).

Figure 2: Estimated household energy consumption in the Middle East (Energy
Dubai, 2020).

From the previous discussion, it is clear that more attention should be paid to
the implementation of thermal insulation materials in the new buildings to increase
energy efficiency and decrease the greenhouse gas emissions.
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1.2 Statement of the Problem
In UAE, buildings consume a major portion of the produced electric energy
where the average consumption of some buildings is about 220-360 kWh/m2/year
(EMS, 2015). Almost 80% of this energy is used by the air-conditioning and
ventilation systems due to the prevailing extremely hot climatic conditions
(Abdelrahman, 1991). To achieve an accurate cooling/heating load calculation, a better
analysis of heat transfer through the material is very important in any energy-efficient
building design. Thus, the knowledge of thermal properties and the precise evaluation
of the heat transfer through the envelope components, particularly thermal
conductivity of the insulation materials, are of great importance. Indeed, the accuracy
of the thermal conductivity (K) of the insulation material, which describes the ability
of heat to flow across the material in the presence of a temperature gradient, has an
important effect on the heat exchange between the building interior and the external
ambient. For most materials, thermal conductivity increases with increasing
temperature. Therefore, temperature dependent of the thermal conductivity is a very
important empirical relationship that has to be investigated (Peavy, 1996).
Various categories of insulation materials have been developed over the last
decades. The most commonly used insulation materials are made of non-renewable
resources such as inorganic fibers and the organic foamy materials like: glass/stone
wool, expanded polystyrene, and polyurethane. While these materials are significant
in energy efficiency and maintaining the indoor comfort, they are manufactured using
harmful resources for both people and environment (Papadopoulos, 2005; Madurwar,
2013). In addition, it is very difficult to replace these insulation materials after being
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used inside the walls and roofs. Therefore, in order to save the construction operation
and the overall structure of the building and to reduce the harmful impacts on the
environment, it is recommended to use environmentally friendly insulation materials
from the early design and planning process (Velichko, 2017). Thus, ecological
materials based on agriculture waste have been developed as an alternative, but they
have restricted availability in the market due to their high-cost and less thermal
resistance.
In this research, the energy performance of a new bio-insulation material
prepared from the rice will be evaluated. Focusing on its thermal properties such as
thermal conductivity and fire reaction evaluation, presenting the production process
method as well as a comparison study between our new bio-based insulation material,
the commonly used insulation material in the UAE and bio-based material world
market. The research will answer the following questions:
•

What are the most used insulation materials in the UAE, does it have a

negative impact on the environment, and what is the appropriate alternative?
•

What is the method that will be used in the newly developed bio-based

insulation material production, and how can we assess its thermal properties?
•

What is the effect of the chosen production parameters: temperature,

moisture ratio and sample weight on the thermal conductivity value?
•

Can the new bio insulation compete with the present insulation

materials in terms of availability, production process, and performance?
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Chapter 2: Relevant Literature

Reducing the energy consumption in the building sector is a key strategy to
conserve energy. Therefore, in recent years there was a very high demand on thermal
insulation material especially materials produced from renewable resources.
Moreover, there was a clear increase in the demand on green buildings in which
environmentally friendly materials are used. Thus, some environmental assessment
building protocols such as Leadership in Energy and Environmental Design (LEED)
or Building Research Establishment Environmental Assessment Method (BREEAM)
are now prevalent in order to rate the actual sustainability of a building (Asdrubali F.
B., 2015). Furthermore, concepts like the net zero emission building are being
introduced widely (Wells, 2018). The operating phase in buildings so far has the
maximum portion of buildings’ energy consumption. This fact is related to several
factors such as the heating, ventilation, and air conditioning (HVAC) system efficiency
(Bakar, 2015), the loses from the thermal bridges (Ascione, 2014), insulation materials
for doors and windows (Pisello, 2015), and the thermal performance for the building
envelope; walls, roofs, etc. (Asdrubali F. D., 2014). Insulation materials must have an
acceptable performance in reducing the thermal transmittance, nevertheless, this is not
the only parameter which should be taken into consideration when choosing the
appropriate insulation material. A non-thermal features should be addressed as well,
such as resistant to fire, water vapor, sound solution, and their impact on the
environment and user’s health (Schiavoni, 2016).
An increase attention must be payed to the environmental performance in both
the production process and the disposal phases of the insulation materials. Different
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kinds of inorganic thermal insulation materials have been used in building over the
years such as glass wool, extruded polystyrene (XPS), rock wool, mineral wool,
phenolic foam and fiberglass (Papadopoulos, 2005; Pfundstein, 2012). Recently, the
usage of glass wool as insulation material in the U.S thermal insulation market was
reported by (Size, 2019), the main results of this study are shown in Figure 3. The
intense use of such materials can lead to many environmental issues due to the
consumption of nonrenewable materials and due to the end-life process.

Figure 3: U.S building thermal insulation market size, by product, 2014-2025 (Size,
2019).

Thermal insulation materials must satisfy several requirements related to
thermal conductivity, mechanical strength, building site adapt-ability and cutability, ﬁre protection, fumes emission during ﬁre, robustness, climate ageing
durability, resistance towards freezing/thawing, water resistance, costs and
environmental impact. Most of the existing insulating materials are not renewable
(e.g., those derived from petrochemical products). Thus, renewable, environmentfriendly, low cost, and high thermal resistance insulation materials are highly
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demanded (Schiavoni, 2016; Limam, 2016). Thus, the eco-friendly or bio-insulation
materials market is hastily growing (Yates, 2006). These materials are identified by a
decent insulation performance and low environmental impact (Limam, 2016).
2.1 Insulation Material Classification
Insulation material is a layer composed of one material or combination of
materials that essentially contributes to the overall thermal performance of the opaque
walls (Al-Sallal, 2003; Gori & Bisegna, 2010), possess the characteristic of high
thermal resistance, exhibits the capability to decline the heat ﬂow rate (Gori &
Bisegna, 2010), and respond to the external conditions with its speciﬁc thermos
physical properties (Al-Homoud, 2005). As a result, building insulation prevents heat
ﬂux with the surrounding, moreover, its keeps the heat/cool within the building (AlSallal, 2003). Papadopoulos classified the insulating materials based on their chemical
and physical properties to organic, inorganic, combined and new technology materials.
Figure 4 shows Papadopoulos classiﬁcation of insulating materials for building
applications (Papadopoulos, 2005).
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Figure 4: Papadopoulos classiﬁcation of insulating materials for building applications
(Papadopoulos, 2005).

10

Another way to categorize the insulation materials was done by Jelle (Jelle,
2011). He classified the traditional insulation materials based on their properties
and requirements such as thermal conductivity, mechanical strength, building site
adapt-ability and cut-ability, ﬁre protection, fumes emission during ﬁ re,
robustness, climate aging durability, resistance towards freezing/thawing, water
resistance, costs, and environmental impact. Figure 5 shows Jelle's classification
of thermal insulation materials (Jelle, 2011). A review of the classifications of the
developed insulation material and their properties can be found in (Papadopoulos,
2007; Al-Homoud, 2005).

Figure 5: Jelle’s classiﬁcation of insulating materials depending in their thermal
performance (Jelle, 2011).
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The most common used insulation materials are air-based materials. This
category can be classified into two main subcategories depending on their internal
structure (Jelle, 2011; Bozsaky, 2010):
1)

Cellular materials: such as polystyrene, polyurethane ‘the foamy petrol-

based materials’, cork boards and cellular glass.
2)

Fibrous materials: such as mineral wools glass wool and expanded

perlite, wood fiber boards and cellulose.
The air-based insulation materials are produced from different raw materials
which can be classified into four types: inorganic, petrol-based, bio-based, and
combined materials. While the common use insulation materials are mostly made of
nonrenewable raw materials. Appendix 1 shows the physical and thermal performance
for some of the common use nonrenewable thermal insulation materials in buildings
(Schiavoni, 2016; Jelle, 2011).
With the rapid growth of sustainability in buildings and in other constructions,
a worldwide huge demand on natural insulation materials often called "bio-based
insulations" or "bio-insulations" took place (Binici, 2013; Pinto, 2011; Wei, 2015;
Valverde, 2013; Paiva, 2012). The development history of bio-insulation materials
started in 1974, but the rapid development period began only in 1998 and
particularly after 2003 (UNEP, 2016). Some of these materials are appearing in the
market while others are still at an early study stage. Nowadays, natural-insulation
materials include biological materials, forest residues and straws (Ong, 2011). The
most common ones are hemp, cotton, sheep wool, flax, linen, and kenaf fibers
(Liu, 2017).
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2.2 Bio-Based Insulation Material Properties
Bio-based insulation materials are produced from renewable biological
resources such as lignocellulosic, agriculture plant waste, and animal materials 'fur
and wool' (Al-Homoud, 2005). The high internal porosity provides a low bulk
density and low thermal conductivity (Domínguez-Muñoz, 2010). These features
enable the bio-based insulation materials to fulfill the required needs and
properties without the necessity of a massive transformation (Osanyintola, 2006;
Pinto, 2011). The natural biological features of these materials reduce the landfill
waste amount due to their high biodegradability. However, as any newly produced
materials they have some throwbacks such as: the high ability for moisture
absorption which reduces the mold-resistance, the durability, and the fire reaction
(Palumbo M. L., 2017).
2.2.1 Thermal Performance
To describe the thermal performance of a material, usually, there are three main
parameters to be considered: thermal conductivity, specific heat, and thermal
diffusivity (Bouguerra, 2001). In terms of thermal insulation materials, the thermal
conductivity is considered as the common and comparable test to find the effectiveness
of different insulation materials. Thermal conductivity is defined as: the “time rate of
steady-state heat flow (W) through a unit area of 1 m thick homogeneous material in
a direction perpendicular to isothermal planes, induced by a unit (1 K) temperature
difference across the sample” (Yoon, 2014; ASTM, 1997).
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In general, thermal conductivity of any material depends on the operating
temperature and on the moisture content. Several studies were conducted to determine
the effect of operating temperature on the thermal conductivity of insulation materials.
Most of these studies showed a linear relation between the thermal conductivity and
the operating temperature. This effect can cause a higher cooling or heating load in the
building envelope with varying the temperature (Budaiwi, 2002; Al-Homoud, 2005).
One of the potential problems faced by building designers when calculating the cooling
loads or analyzing the energy performance of any building, is the exact value of the
thermal conductivity of the insulation material used in the construction. The published
values of such quantities are normally evaluated under specific laboratory conditions
at 24°C, according to the American Society for Testing and Materials (ASTM)
standards. However, in reality when it comes to UAE hot-humid, the thermal
insulation materials which are used in the buildings’ envelope are exposed to
significant and continuous temperature, solar radiation, and moisture changes through
the day and over the seasons. Due to the variations in these external conditions, the
magnitude of the thermal conductivity of these materials will also changes.

The impact of temperature on the thermal conductivity of some insulation
materials produced by Saudi insulation manufacturers had been investigated (AlHammad, 1994). In addition, the effect of operating temperature change on the thermal
conductivity of polystyrene insulation material have been studied extensively by
Khoukhi (Khoukhi & Tahat, 2014), concluding that the thermal conductivity of four
different density levels of polystyrene samples is affected by the operating temperature
linearly. The material moisture content, on the other hand, has been considered as a
major factor affecting the thermal conductivity of insulation materials (Mendes, 2003;
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Qin M. B.-M., 2009). The effect of the moisture on the heat transfer through building
insulation material has been also reported by numerous researchers, concluding a clear
increase in the thermal conductivity with increasing the moisture content in the
material (Mendes, 2003; Qin M. B.-M., 2009). In 2014 Collet et al. found that the
value of the thermal conductivity of hemp fibers changes with the variation of moisture
content to about 0.0022% (Collet F & Prétot S, 2014).

In 2010, a research was done by Zhou et al, using cotton stalk as a newly
developed bio-based environment-friendly insulation board using the hot-pressing
method. This new insulation board shows results close to the expanded perlite with
same density and a thermal conductivity ranging from 0.0585 to 0.0518 W/(m.K)
(Zhou, 2010). Another study was done by Asdrubali in 2017. In this study the obtained
value of the thermal conductivity of reed-based building panels was 0.05 W/(m.K).
This value is in the same range of common commercialized insulation materials used
in buildings (Asdrubali F. B., 2017).
2.2.2 Water Vapor Resistance Factor (μ-value)
The water vapor resistance factor is a measure of the material ability to be not
absorptive to water that compared with the air value (1 μ-value) the lower the μ-value
the higher the material reluctance to absorb water (Schiavoni, 2016). The expanded
polystyrene μ-value is between 20-70 while the bio-based insulation made of coir has
a lower μ-value between 5-30 (Asdrubali F. D., 2015). A common method to measure
the μ-value is using the equivalent air layer thickness (𝑆_𝑑) Sd represents the equivalent
thickness of air characterized by the same resistance to water vapor diffusion of the
analyzed material (Schiavoni, 2016). If 𝑆_𝑑 ≥ 1000 − 1500 𝑚

the material is,
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consider as a vapor barrier. Proceedings to measure the amount of water absorbed in
an insulation material can be found in the thermal insulating products for building
applications-determination of water vapor transmission properties stander; BS EN
12086 (BSI, 2013). A set of steps had been reported to enhance the material resistance
ability, for example, coating the board insulation with a waterproof film. This type of
coating is convenient for use in all bio insulation panels (Liu, 2017).
2.2.3 Reaction to Fire
Several tests must be carried out and many requirements must be achieved
before selecting the building’s insulation materials. One of the most important
tests is the ignition temperature and smoke production, this test is considered as
one of the most important tests of the insulation materials because it can prevent
people’s death in cases of fire accident (Stamyr, 2012). Thus, interaction of the
insulation material with fire is a very important issue. Based on the European
rating system, A1 classification of the material fire reaction represents the best
performance of the material, while E classification is the worst (EN, 2002). In
2015 Palumbo. et al investigated the fire reaction of six bio-based insulation
materials and the binder’s usage effect in the composites. The results showed that
all the tested composites evaluation were better than the commercialized insulation
materials such as polystyrene or polyurethane and that the binders had a massive
effect on the composite fire behavior (Palumbo M. F., 2015). A set of steps has
been reported to enhance the fire resistance ability, for example, remove the
flammable matter form the bio insulation composite and use the fire retardants
(Liu, 2017).
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2.3. Existing Bio-Based Insulation Material
As mentioned earlier bio-based insulation materials are made of biological
resources such as agricultural and plant waste which were used as animals’ food and
primary fuel in the past. After 2003 more attention was paid to this category of
materials where the number of published papers in international journals increased
dramatically from 4 papers in 2003 to 23 papers in in 2014 (Liu, 2017).
Various types of agriculture and plant waste were used in the published papers
with different popularity for each kind. In 2017 a review was done by Liu. et al,
showing the most common types of agriculture and plant waste used in manufacturing
bio-based insulation materials. Hemp, Straw, Flax, Wood, Coconut, Corn and
Sunflower were the most common plants used as thermal insulation material for
buildings as shown in Figure 6.
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Figure 6: Types of various bio insulation materials and their popularity in order (Liu,
2017).

Hemp and Flax show a dramatically increased interest, not only for their
thermal properties as an insulation material, but also for their high mechanical
performances due to long fibers with high tensile strength (Korjenic, 2011). Hemp,
which is defined as commercialized textile ﬁber insulators, has commonly used in
building sector due to its favorable thermal properties, recyclability, and
biodegradability aspects (Kymäläinen, 2008). The thermal conductivity, density and
speciﬁc heat have been reported to be in range of (0.038-0.060) W/(m.K), (20- 90)
kg/m3 and (1.6 -1.7) kJ/kg·K, respectively (Kymäläinen, 2008; Glé, 2011; Zach, 2013).
A composite of hemp chips, binder, and water has been developed by Gle in 2011
showed a thermal conductivity of 0.060 W/(m.K) (Glé, 2011). While Korjenic
developed a composite of hemp ﬁbers and chips with different mixing ratios, this
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composite showed a minimum value of thermal conductivity of 0.039 W/(m.K)
(Korjenic, 2011). The high capability of the Hemp to absorb moisture content from
surrounding and the ability to attract the rodents and insects have been stated as its
main issues (Korjenic, 2011). However, several hydrophobic additives and treatments
can enhance its moisture resistance with a 6% improvement as compared with
untreated samples (Zach, 2013). Figure 7 shows the hemp fibers production and the
commercialized hemp fiber insulation board.

Figure 7: Hemp fibers and insulation board.

Flax raw material is extracted from Linum Usitatissimum plant which has a
very long history. This plant is used as insulation material due to its favorable thermal
properties where it contains 70% of cellulose (Kymäläinen, 2008). Moreover, it shows
a great ability to be used as a sound insulator (El Hajj, 2011). Its thermal conductivity,
density, and specific heat are between (0.038-0.075) W/(m.K), (20-100) kg/m3, and
(1.4-1.6) kJ/kg, respectively (Schiavoni, 2016). An innovative study showed that the
use of ﬂax tow which is the short ﬁbers without using any synthetic binder gives a
thermal conductivity of 0.060 W/(m.K) (Kymäläinen, 2008). While mixing the flax
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fibers and flax chips with a binder give a thermal conductivity of 0.043 W/(m.K)
(Korjenic, 2011). Flax as insulation material can be mixed with other materials to
enhance its performance; some additives can be implemented such as polyester to
enhance the mechanical strength and to improve ﬁre and moth resistance (Schiavoni,
2016). Figure 8 shows the Flax fibers and the insulation board made out of it.

Figure 8: Flax fibers and Flax fiber insulation boards.

2.4. Comparative Analysis of the Thermal Performance of Bio-Based Insulation
Materials
Many types of bio-based insulation material are already available in the market
and many others are still in the early experimental stages. Table 1 shows the physical
performance parameters for the most common bio-based building insulation materials
in their natural composite (Asdrubali F. D., 2015; Schiavoni, 2016). The majority of
the reported materials are not completely characterized. Their specific heat, fire
classification, and water-resistant are usually missing but theirthermal conductivities
are always reported.
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Table 1: The physical performance parameters for most of the bio-based insulation
materials (Asdrubali F. D., 2015; Schiavoni, 2016).
Insulation
materials
Hemp

Thermal
conductivity
W/(m.K)

Density
kg/m3

Specific
Heat
kJ/kg·K

Fire
classifica
tion

Water
resistance

0.038-0.060

20- 90

1.6 -1.7

E

1.0-2.0

Straw

0.038-0.067

50–150

0.6

NA

NA

Flax

0.038 - 0.075

20 - 100

1.4 - 1.6

E

1.0-2.0

Wood fiber

0.038–0.050

50–270

1.9–2.1

E

1–5

Cotton stalk

0.0585-0.0815

150-450

NA

NA

NA

Corn cob

0.10

171-334

NA

NA

NA

sunflower

0.0385–0.050

36–152

NA

NA

NA

palm date fibers

0.0475- 0.072

187–389

NA

NA

NA

Jute fiber

0.038–0.055

35–100

2.3

E

1–2

Keanf

0.034 -0.043

30 - 180

1.6 -1.7

D-E

1.2-2.3

Coir fiber

0.040–0.045

75–125

1.3–1.6

D-Eb

5.0–30

Cork

0.037–0.050

110–170

1.5–1.7

E

5–30

Reeds

0.045-0.056

13-190

1.2

E

1-2

Bagasse

0.046–0.055

70-350

NA

NA

NA

Cattail

0.0438-0.0606

200-400

NA

NA

NA

Pin apple leaves

0.035–0.042

178–232

NA

NA

NA

Durian peel

0.064–0.185

357–907

NA

NA

NA

Rice hulls

0.0464–0.566

154–168

NA

NA

NA

Sansevieria
ﬁber

0.132

1410

1.52

NA

NA

Colors indicate (green = good, yellow = intermediate, red = poor). NA: not available.
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The fire classification and water vapor resistance are very important properties
while choosing the proper insulation material. In the early stages of the investigations
of bio-based insulation materials these two properties were usually not reported. Table
1 shows that the fire classification and water-resistant values are reported for only 8
out of 19 insulation materials in their natural composites. The also table shows that the
fire classification is normally low while the water vapor resistance for these materials
is very encouraging.
2.5. Potential Contributions and Limitations of the Study
This study is expected to develop an efficient, sustainable, a low cost, and
environmentally friendly bio-based thermal insulation material to be used in building
sector. The study proposes a technology that benefits from the food waste management
industries and the building construction and sustainability sector in the UAE. The
outcome of the project in its final stage will benefit many companies such as: waste
management companies (companies that deal with food waste from hotels, restaurant,
hospitals, homes, etc.), and construction materials manufacturing companies
(companies that fabricate systems and materials for improving the buildings sector
efficacy).
The puffed insulation material will be economical and technologically useful,
with its high performance related to its high mass transfer area. Moreover, the material
will have strong thermal and physical resistances as well as high ability to be modified
and functionalized which lead to increased permeability and selectivity. The rice
insulation material is cheap and have a simple-operational process. These
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characteristics indicate that rice is an appropriate choice economically and physically
for manufacturing bio-based insulation material.
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Chapter 3: Material and Research Methods

In this thesis work, the following steps were conducted in order:
1. A research plane was prepared.
2. Different samples of the insulation material were fabricated.
3. The fabricated sample were tested.
4. Final, the obtained results were evaluated. The work plan of the thesis is
presented in Figure 9.

Figure 9: The study plan presenting the insulation sample fabrication, testing and
evaluation.
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The methodology of this thesis consists of 4 main stages:
1.

Study of the thermal performance of some existing insulation materials and

there main issues and drawbacks as well as the relation of the thermal conductivity of
these materials with the moisture level and operating temperature, water resistant and
fire reaction have been studied carefully and reviewed.
2.

Proposing of the new bio-insulation material, at this stage, the standard

experimental methods have been adopted to produce a novel insulation material using
a raw biomaterial:
•

Investigation of different types of the raw material to be used as

insulation.
•

Applying the puffing production process to achieve the proposed new

bio-insulation.
3.

Testing and Analyzing of the proposed bio-insulation material, the thermo-

physical analysis of the proposed new bio-insulation material have been tested and
compared with some available insulation material:
•

In this task, the thermal conductivity measurements at standard

conditions for some of the existing insulation material have been conducted to verify
their catalogue data as a reference.
•

A screening study of the material to define the preferable parameters in

terms of puffing ratio.
•

Response surface methodology to optimize the optimum settings for

process variables that produces a minimum thermal conductivity value.
4.

Performance and assessment of the proposed new bio-insulation material:
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•

Thermal-evaluation of the proposed new bio-insulation material.

•

Thermal comparison between the existing and proposed insulation.

•

Fire reaction test.

3.1 Material and Production Process (Fabrication of Insulation Material Sample)
The Food and Agriculture Organization of the United Nations launched a study
to show the food waste in 2011. The study presented that about 1/3 of all food had
been wasted or lost worldwide. Its worth around one trillion-dollar, this amount of
waste is not used in the other industries, this leads towards massive inefficiency in the
food chain (FAO, 2011). This problem has become one of the main public concerns.
2030 agenda for sustainable development show a great awareness for this issue and
called for reducing the global food waste of per capita by half, in both the consumer
level and market share (OLIO, 2019). Food waste harms the environment resources
including land, soil, energy, and water. Besides, the landfills of waste food have a huge
amount of greenhouse gas emissions such as methane CH4 which is 23 times more
harmful and deadly than Carbon dioxide CO2 (OLIO, 2019). Table 2 shows the results
of a statistical study which was carried out by The Swedish Institute for Food and
Biotechnology on the amount of waste food for low, medium, and high-income
countries (Gustavsson, 2011). The study shows that the high-income countries' food
waste percentage is much higher than other countries.
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Table 2: Range of wastage for different food categories in 2011 (Gustavsson, 2011).
Commodity group

Total in chain (Min)

Total in chain (Max)

Cereals

19% (SSA)

32% (Nam&Oce)

Oli crops and pulses

18% (Ind.Asia)

29% (NAf, WA&CA)

Roots and tubers

33% (NAf, WA&CA)

60% (Nam&Oce)

Fruits and vegetables

37% (Ind. Asia)

55% (NAf, WA&CA)

Meat

20% (S&SE Asia)

27% (SSA)

Fish and seafood

30% (LA)

50% (Nam&Oce)

Milk

11% (Ind. Asia)

25% (SSA)

Egg

12% (SSA)

20% (Nam&Oce)

The UN Food and Agriculture Organization estimated the waste food Carbon
footprint to be around 3.5 billion tons of CO2 yearly, this amount is more than the
amount produced by any industrial country around the world except the US and China.
One of the most main food supplies in Asia is rice, the massive growth in population
especially in the developing countries led to a massive increase in rice industries (Kuo,
2013). Based on the UN analysis, wasted rice emits about 610 million tons of CO2
yearly. The UAE as a developed country is one of the highest per capita consumers of
rice. Statistics released by Dubai state indicates that around 772 million kilos of rice
were imported to the UAE in 2014, about 40% of this amount is disposed yearly
(Shahbandari, 2014). Rice can be reused in a more environmentally and beneficially
scheme. Preliminary experiments have shown that rice can be collected from different
sources (homes, hotels) and rice grains can be separated from the rest of the food.
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Puffed rice has been made by heating a fixed quantity of rice grains in a sealed chamber
at high applied pressure in order to expand (Hsieh, 1989). The puffed rice properties
are different from the raw grain, and are characterized by its ability to form as the
shape of the used mold. It has a smooth surface, high porosity between molecules and
high interfacial areas.
In this study, two types of raw rice are used to fabricate the puffed rice samples
in order to produce the thermal insulation material for building use purpose. The study
started with local rice types brought from the market in the UAE. Long and short rice
grain had been tested and compared using several experimental tests to find the most
suitable raw material to be used in sample fabrication. Figure 10 shows the two types
of rice used, long and short grains.

Figure 10: Local rice grains, long and short.

To start the process of preparing the new insulation material, the raw material,
which is rice, was prepared by soaking it with water for a period of 12 hours
approximately. The aim from this process is to get rid of the starch which is the prime
component for most of the cereals that prevents a massive expansion of the rice. After
the water treatment process, the rice was dried normally by exposing it to room
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temperature in a range of 12 to 24 hours. The moisture level had been adjusted by the
moisture analyzer device and tested at different time periods to reach the desired
moisture percentage as shown in Figure 11.

Figure 11: Moisture analyzer device to control the moisture level of the raw material.

After adjusting the moisture level, the treated grains were exposed to a fixed
temperature with an average of 250-270°C and fixed amount of high-pressure level to
produce the insulation samples. The machine used in the production of the bioinsulation samples has small gear-shaped motor, driven by protruding wheel, and has
temperature controller. It can be controlled automatically and can be retained under a
constant temperature, more over it has a pressure control to adjust the required pressure
as shown in Figure 12. The adjusted mold had a circular shape of 8 cm dimeter.
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Figure 12: Experimental setup to produce the proposed new bio-insulation material.

Using the Scanning Electron Microscope (SEM) it was shown that puffing the
rice is a convenient process to control the production process because the puffed rice
become foamier and fluffy as shown in Figure 13, this is due to the formation of air
bubbles between cells during puffing. The grains do not shatter under heat and pressure
during the puffing process, but the grain expands like an inflated balloon
(Chandrasekhar, 1990). The porosity of the rice cake was determined by the rape seed
displacement method AACC to find the true and bulk volume of the puffed rice layers
by compressing the layer until no pore left, meanwhile, the bulk volume was
determined using a regular sample without compressing (AACC, 1986; Sumnu, 2007).
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Figure 13: Puffed rice grain structure a) Photograph of two puffed rice grains. Bar: 5
mm, b) Cross section of a puffed rice grain showing air cells and a compact grain
surface. SEM. (Kaláb, 2018).

There are two terms used for expansion: pooping and puffing. Pooping method
is used for corn to form popcorn while the puffing process is a technique used in grains,
which does not contain much water to reach the explosive expansion thus a pretreatment is needed (Mishra, 2014). The puffing method affects the porosity area in
the produced sample to format a large area of porosity inside it which has a direct
effect on the heat transaction within the material, the thermal conductivity decreases
with increasing porosity. Thus, the present method was chosen to develop the bio
insulation material from the rice grains. Moreover, the bio characterization of the used
raw material makes it an environmentally friendly material to be used as a sustainable
and eco-friendly thermal insulation material alternative which is the main idea of our
research.
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3.2 Experimental Methods
3.2.1 Screening study
The raw material (rice grains) was subjected to a high-temperature and
pressure, this induced a sudden evaporation which led to changing the starch inside the
rice from its hard state to the rubbery state. Then a sudden release of the heat and
pressure from the mold stimulates rice to expand. Initially, a set of screening
experiments were carried out to find the best rice type and the direction of the optimal
domain of the other parameters. One factor at a time was tested in the screening step
to determine the significant factors affecting the sample thickness, sample shape,
surface smoothness, and puffing ratio as shown in Table 3. One factor at a time implies
that a single factor is changed while other factors remain constant (Mohapatra, 2011).
Table 3: Comparison matrix between long and short, puffed rice grain including
production applied parameters and final sample characterization.
Rice
type

Density

Applied
Temperature
C

Moisture
level
%

Sample
Thickness
Cm

Short
Grain
Long
Grain
Short
Grain
Long
Grain
Short
Grain
Long
Grain
Short
Grain
Long
Grain
Short
Grain
Long
Grain

10

260

12

0.8

10

260

12

0.6

12

260

12

0.8

12

260

12

0.7

15

260

12

1.1

15

260

12

0.9

18

260

12

1.2

18

260

12

0.9

15

250

12

0.6

15

250

12

0.4

Sample
shape

Surface
smoothness

Puffing
ratio
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Table 3: Comparison matrix between long and short, puffed rice grain including
production applied parameters and final sample characterization (Continued).
Rice
type

Density

Applied
Temperature
C

Moisture
level
%

Sample
Thickness
Cm

Short
Grain
Long
Grain
Short
Grain
Long
Grain
Short
Grain
Long
Grain
Short
Grain
Long
Grain
Short
Grain
Long
Grain
Short
Grain
Long
Grain
Short
Grain
Long
Grain

15

260

12

1.1

15

260

12

0.6

15

270

12

0.8

15

270

12

0.6

15

280

12

0.4

15

280

12

0.4

15

260

9

0.7

15

260

9

0.6

15

260

12

1.1

15

260

12

0.8

15

260

15

1.2

15

260

15

0.9

15

260

17

0.7

15

260

17

0.5

Sample
shape

Surface
smoothness

Puffing
ratio

Colors indicate (green = good, yellow = intermediate, red = poor).
In terms of puffing ability, the short grains showed a superior performance at
different levels including the puffing ratio, sample thickness, sample circular shape,
and surface smoothness. Thus, in the subsequent steps, the material optimization in
terms of thermal conductivity and the performance assessment has been carried out
using the short rice grains only.
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3.2.2 Applicable Experiment Range for Sample Weight, Temperature and
Moisture Level
Some of these samples were exposed to a high temperature of 280oC resulting
to burn them, other samples moisture ratio where high, that affected the puffing
process, or either the shape of the produced sample were inconsistent due to the use of
small or large amount of the raw material in the production process as shown in Figure
14, therefore, the factors that lead to these results were excluded in the next step. The
insulation samples were prepared using the specified mold mentioned earlier with the
temperature, moisture level and sample weight of 260-270°C, 12-16% and 15-17g,
respectively.

Figure 14: The produced insulation samples with different levels of moisture,
density, and temperature.
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3.3 Response Surface Method
The response surface methodology (RSM) is a combination of statistical and
mathematical techniques used for developing a specific design or model determining
the optimal response (minimum or maximum) for a chosen range of parameters (Khuri,
2003). In terms of numerical experiments, the RSM addressed the design of
experiment (DoE) approaches to help to define the applicable model (Ramachandran,
2015).
DoE will nominate several experimental points that have to be evaluated, after that
a complete design can be found through a mathematical model that represents the
process. These models have an unknown structure thus for each practical parameter a
set of experiments are addressed as runs in the design of experiment approach (Khuri,
2003). Initially in the DoE, screening experiments are performed for the factors that
have a minor or no effect and the applicable range of the parameters. Each variable
has a potential setting called levels.
Two of the most applied RSM methodologies are the full factorial design and
central composite design:
•

Full factorial design

To test all the potential combinations, a full factorial approach is essential to define
the interactions between design variables. The full factorial design is a scheme where
the chosen variables are varied together, instead of one at a time. In this method, the
acceptable range of the parameters discretized at different levels. There are two types
of level, 2N, and 3N full factorial, in each one the lower and upper bounds must be
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defined, and if the midpoints included it become 3N (Anderson-Cook, 2009). To
improve the optimization process a second-order model are used that define as
following (Antony, 2014):
𝑌 = 𝛽_𝑜 + ∑_(𝑖 = 1)〖𝛽_𝑖 𝑋_𝑖 + 〗 ∑_(𝑖 = 1)〖𝛽_𝑖𝑖 𝑋_𝑖 + ∑_(𝑖 = 1) ∑_(𝑗
= 𝑖 + 1)〖𝛽_𝑖𝑗 𝑋_𝑖 𝑋_𝑗 〗〗

(1)

Where Y is the response function, β is the offset term, βi is the coefficient of the linear
effect, βii is the coefficient of squared effect, Xi is the coded value of variable i, Xj is
the coded value of variable j and βij is the coefficient of interaction effect.
•

Central composite design

The central composite design (CCD) is a first order design with additional central and
axial points that can construct a second-order model (Anderson-Cook, 2009). This type
of model has 2N factorial points, 2N axial points and 1 central point in the 3 design
variables.
After determining the preferable rice type, the other parameters mentioned
earlier were optimized using RSM in Minitab 17.0 application. As a fitting statistical
tool, Minitab 17.0 offers multilevel factorial screening designs, and numerical
optimization can be followed by analyzing the critical factors and their interactions.
The design of runs was in accordance with CCD. The short rice type was selected
during the screening study because it has the maximum samples thicknesses and
puffing ability.
The three major factors which affect the puffing ability and thermal
conductivity of the insulation material are sample weight, temperature, and moisture
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ratio. These factors were operated in the range of 15-18 g, 260-270oC and 12-15%,
respectively. The experimental conditions for CCD runs are presented in Table 4. The
optimal sample weight, temperature, and moisture level were found by response
optimizer.
Table 4: Range and level of independent variables for central composite design runs.
Factors

Tag

Symbol

Units

Sample weight

W

X1

g

Temperature

T

X2

o

Moisture

M

X3

Level
15

16

17

C

260

265

270

%

12

14

16

3.4 Performance Assessment
3.4.1 Thermal Conductivity Test
The thermal conductivity of the investigated bio-insulation samples was
measured by applying heat ﬂow that passes through a unit area of a 1 cm-thick sample.
The device has an upper and lower thermal plate to hold the sample, the centers of both
plates start to generate a heat flux at the beginning of the test. The thermal conductivity
tests were performed at five different mean temperatures 5, 15, 25, 35, and 45 ºC for
each run using the commercial LaserComp Heat Flow Meter Instrument (Fox200) as
shown in Figure 15.
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Figure 15: Laser Comp heat flow meter instrument (Fox200).

3.4.2 Fire Reaction Test
Analyzing the material behavior in case of fire is a very important factor that
should be addressed in terms of thermal insulation development. While it is not
possible to explore the result from the real-life case, the small-scale test gives some
indications of how the material reacts with fire. In this research work, a flammability
test UL94 V was used, this test was developed to examine the ignition and flame spread
for different types of plastics and bulk materials as a small-scale fire test (Laoutid,
2009). A sample of 8 cm length and 1 cm in thickness was prepared to be investigated
using the experimental setup shown in Figure 16.
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Figure 16: UL94 V experimental setup of flammability test for the puffed rice
insulation sample.

UL94 V test classifies the material as V-0, V-1, or V-2 according to specific
criteria as reported in Table 5. The tested sample was exposed to a blue flame with a
2 cm high and a power of 50 W. The flame must be placed 1 cm from the bottom of
the sample. The test is carried out in two steps:
•

First, the flame is applied for 10 s then turned off. The after-flame time

which is the time required for the flame to extinguish (t1) is recorded.
•

Second, after the extinction, the flame is turned on for another 10 s to

record the after-flame times (t2) and (t3) which are the times required for the
fire glow to vanish.
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Table 5: Fire classification according to UL94 V small-scale flammability test
(Laoutid, 2009).
Fire classification

Criteria

UL94 V0

t1 and t2 less than 10 s for each specimen
t1 + t2 less than 50 s for the five specimens
t2 + t3 less than 30 s for each specimen
No after flame or afterglow up to the holding clamp
No burning drops

UL94 V1

t1 and t2 less than 30 s for each specimen
t1 + t2 less than 250 s for the five specimens
t2 + t3 less than 60 s for each specimen
No after flame or afterglow up to the holding clamp
No burning drops

UL94 V2

t1 and t2 less than 30 s for each specimen
t1 + t2 less than 250 s for the five specimens
t2 + t3 less than 60 s for each specimen
No after flame or afterglow up to the holding clamp
Burning drops allowed
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Chapter 4: Results and Discussions
4.1 Statistical Analysis
The analysis of variance in Minitab 17.0 software was used for regression
analysis of the obtained data to estimate the minimum ratio of the required response.
The fitted polynomial equation was expressed as 3D surface in order to visualize the
relationship between the responses and experimental levels of each factor and to infer
the optimum conditions. A total of 15 runs for optimizing the three individual
parameters in the CCD were undertaken. Experimental conditions according to the
factorial design are shown in Table 6. CCD results show that the thermal conductivity
varied in the range of 0.050 – 0.070 W/(m.K).
Table 6: Full factorial central composite design (CCD) for thermal conductivity test.
Run #

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

EXP
INF
X1
(W)

Result
X2
(T)

X3
(M)

17
16
15
16
17
16
17
16
15
16
17
15
16
16
15

260
270
265
260
265
265
265
265
265
265
270
260
270
260
270

14
12
12
16
12
14
16
14
16
14
14
14
16
12
14

Thermal conductivity
W/(m.K)
(Exp)
(Fits)
0.05973
0.058495875
0.07012
0.068745125
0.06380
0.063940750
0.051815
0.053189875
0.062090
0.063298000
0.051120
0.052076667
0.050380
0.050239250
0.052600
0.052076667
0.060810
0.05960200
0.052510
0.052076667
0.063750
0.063916875
0.062230
0.062063125
0.062900
0.062873875
0.064690
0.064716125
0.069121
0.070355125
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4.1.1 Thermal Conductivity Value
The statistical significance was evaluated using the P-value, and the lack-of-fit
value of the model. The goodness of the fit for the polynomial model was expressed
by the determination coefficient R2 and adjusted R2 (R-sq adj). RSM results of thermal
conductivity are shown in Table 7; the results indicate that the model is significant (Pvalue < 0.05). The effect of sample weight, temperature, and moisture ratio are
significant (P-value < 0.05). The lack-of-fit implies that the fit is significant (P-value
> 0.05). The measures of R2, adjusted R2 are close to 1, which implies an adequate
model.
Table 7: Response surface regression. Thermal conductivity versus sample weight,
temperature, and moisture.
Source

DF

Adj SS

Adj MS

F-Value

P-Value

Model
Linear
Sample wight (W)
Temperature (T)
Moisture (M)
Square
W*W
T*T
M*M
2-Way Interaction

9
3
1
1
1
3
1
1
1
3

0.000592
0.000295
0.000050
0.000094
0.000151
0.000268
0.000067
0.000201
0.000032
0.000029

0.000066
0.000098
0.000050
0.000094
0.000151
0.000089
0.000067
0.000201
0.000032
0.000010

29.33
43.89
22.31
41.90
67.45
39.78
29.86
89.41
14.16
4.32

0.001
0.001
0.005
0.001
0.000
0.001
0.003
0.000
0.013
0.075

D*T
D*M
T*M
Error
Lack-of-Fit
Pure Error
Total

1
1
1
5
3
2
14

0.000002
0.000019
0.000008
0.000011
0.000010
0.000001
0.000603

0.000002
0.000019
0.000008
0.000002
0.000003
0.000001

0.92
8.47
3.56

0.382
0.033
0.118

4.77

0.178

S
0.0014979

R-sq
98.14%

R-sq(adj)
94.79%
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The model adequacy was further verified by plotting the normal probability
and residual plots for the response as shown in Figure 17. The residuals analysis shows
that there was no evidence of outliers, as all the residuals fell within the range of 0.001 to + 0.001 and they are randomly distributed around zero, which indicates a high
degree of correlation between the observed values and predicted values.

Figure 17: Normal probability, histogram, versus fits and versus order plots for
thermal conductivity.

The predicted model of thermal conductivity values was obtained by the
following second-order polynomial functions:
Thermal Conductivity = 21.55 - 0.0855 W - 0.1553 T - 0.0427 M + 0.004260 W*W +
0.000295 T*T+ 0.000733 M*M - 0.000144 W*T - 0.001090 W*M + 0.000141 T*M.
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Where T is the temperature range in °C, W is the Sample amount in g, M is the
moisture level in %.
4.1.2 Models Validation
The model equations for predicting the optimum response values were tested
using the selected conditions to confirm the RSM validity. Figure 18 shows the
relationship between experimental and predicted values for thermal conductivity.

Figure 18: Relationship between experimental and predicted values for thermal
conductivity.

A confirmation experiment was applied with sample weight, temperature, and
moisture ratio chosen randomly from the ranges of Table 4 in Section 3.2.1 to validate
the mathematical models. Table 8 shows the experimental values, predicted values and
95% Confidence Interval (CI) for CCD. The results demonstrate that the developed
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models can successfully predict the thermal conductivity value for the insulation
samples using the puffing methods.
Table 8:Validity result by RSM for CCD.
X1=W

X2=T

X3=M

CCD
17

265

16

Result

Thermal conductivity
(W/m.K)

Exp.

0.051012

Fits.

0.050239

95% CI

0.04610 - 0.05130

4.1.3 Thermal Conductivity Optimization
Optimization process was implemented to find the conditions under which
minimum thermal conductivity would be possible. The optimal values of the selected
variables were obtained using response optimizer, and the minimum thermal
conductivity value of the new developed material at its natural conditions without the
use of any binders or additives, was found to be at a sample weight of 16.5 g to the
used mold 8 cm diameter circular shape, temperature of 263°C and moisture level of
16% as shown in Figure 19.
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Figure 19: The optimum sample weight, temperature, moisture level to have
minimum thermal conductivity value.
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The optimum conditions have been tested experimentally to find the thermal
conductivity value. As shown in Table 9, the experimental values and predicted values
are very close and within the 95% CI.
Table 9: Predicted and experimental thermal conductivity values at the optimum
conditions.
X1

X2

X3

(W)

(T)

(M)

16.5

263

16

Result

Thermal conductivity

EXP.

0.04971

Fits.

0.048701

95% CI

0.04610 - 0.05130

Figure 20 shows the final sample of new insulation material with the optimum
predicted conditions showing significant improvement in sample surface texture and
the puffing ratio.

Figure 20: Final sample using the optimum conditions of weight, temperature, and
moisture from the RSM.
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4.1.4 Effect of Sample Weight, Temperature, and Moisture Ratio on Thermal
Conductivity
The effects of temperature on all responses and their interactions can be
represented through 3D response surface plots. Figures 21 represents the minimum
thermal conductivity against temperature X1 and sample weight X2 while keeping the
moisture ratio constant. A minimum thermal conductivity value of the prepared
insulation material could be achieved when the value of temperature is in the range of
264 - 266°C. The minimum thermal conductivity value was 0.04971 W/(m.K).

Figure 21: Thermal conductivity values on 3-D graphics for response surface
optimization versus temperature and sample weight.

Figure 22 presents the minimum thermal conductivity for the developed
insulation material sample against moisture level X3 and sample weight X1 while
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keeping the temperature constant X2. The lowest thermal conductivity value could be
achieved by adjusting the moisture level between 16-16.5% and the sample weight to
15 g using the circular mold with 8 cm dimeter.

Figure 22: Thermal conductivity values on 3-D graphics for response surface
optimization versus moisture and sample weight.

Adjusting the exact moisture and temperature has a major effect on the puffing
ratio of the material as discussed in Section 3.2.2. Figure 23 shows the relationships
between the temperature and moisture with the material thicknesses. The appropriate
temperature to obtain the maximum puffing of the rice grains is 260°C after this value,
the material begins to burn, which adversely affects the thickness rate. The same
response for the moisture percentage occurred as the puffing ratio decrease when
increasing the moisture ratio above 18%.
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Figure 23: Sample thicknesses values versus temperature and moisture ratio.
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4.2 Insulation Material Performance (Evaluation and Comparison)
4.2.1 Thermal conductivity
The thermal conductivity of dry samples of the new developed bio-insulation
had been tested using the thermal conductivity device mentioned in section 2.4.1 and
compared with the low-density polystyrene sample for the same thickness and
dimensions as it is the common insulation material used in the UAE construction
market. Table 10 shows the thermal conductivity values measured at different
temperatures for both insulation samples.
Table 10: The thermal conductivity values for puffed rice insulation and polystyrene
insulation samples.
Temperature

Thermal Conductivity (W/m.K)

˚C

Bio-insulation material

Polystyrene

5

0.04156

0.03541

15

0.04473

0.03790

25

0.04672

0.03985

35

0.04834

0.04187

45

0.04971

0.04395

The results show that the thermal conductivity k-values of the new proposed
bio-insulation material is suitable as insulation material especially when compared
with other commercially available thermal insulation materials as shown in Figure 24.
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Figure 24: Thermal conductivity comparison between building insulation materials.

4.2.2 Fire Reaction
The UL94 V fire reaction test has been applied as mentioned earlier in Section
2.4.3 and Figure 25 shows the experiment setup. The final best-fabricated sample had
been tested, referring to Table 5 in Section 3.3.2 the five tested sample show results
closer to V1 classification, as t1 + t2 less than 250 s for the five specimens, t2 + t3 less
than 60 s for each specimen. No after flame or afterglow up to the holding clamp and
no burning drops.
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Figure 25: UL94 V Fire test setup for the puffed rice insulation samples.

Figure 26 shows the puffed rice insulation sample phases under the fire test,
applying the blue flame with a 2 cm in length for 10 s with a constant distance between
the specimen and the flame equal to 1 cm from the top of the flame. After the end of
the first 10 s, the sample was removed from the flame field to measure t1. Another 10
s round was conducted to the same sample with the same condition to measure t2 and
t3.
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Figure 26: The puffed rice insulation sample phases under the UL94 V fire test.

Figure 27 shows the five specimens that were tested, as it is clearly shown, the
fire did not reach the holding clamp in all the samples as well as no burning drops or
toxic gases appeared.
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Figure 27: Insulation specimens after applying the UL94 V fire test.

On the other hand, polystyrene insulation material showed larger variations
when it was tested under the same conditions. Figure 28 shows how long the
polystyrene sample took to burn completely after exposed to a blue flame with the
same first test specification: 8cm sample long, 1cm sample thickness, 2cm blue flame,
and a distance of 1 cm between the sample and the top of the flame. The required time
to burn the specimens completely was much less than the time required to burn the
puffed rice insulation sample. After 1 second of applying the flame to the polystyrene,
the sample started to ignite very quickly, and the gases began to emit dramatically
which led to the complete burning of the sample after 6 sec.
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Figure 28: The polystyrene insulation sample phases under the UL94 V fire test.

Table 11 shows the difference between the develop puffed rice insulation
material and polystyrene insulation materials as a second fire inspection was
conducted to observe how the puffed rice insulation versus the polystyrene insulation
interact with fire. The two samples were exposed to a blue flame to measure the total
time required to be completely burned, toxic gas emissions and burning drops
appearance were listed. The newly developed bio insulation material shows
magnificent stability, and no toxic gases were noticed, the bio and organic component
give it a big distinction.
Table 11: Evaluation of the puffed rice and polystyrene insulation materials
according to burning time, gas emission and burning drops appearance.
Insulation

Burning time

Burning

[seconds]

drops

Puffed rice

20

No

No

No

Polystyrene

6

Yes

Yes

Yes

material

Toxic gases

Material
vanishing
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Chapter 5: Conclusion
In this study a bio-based thermal insulation material was developed using
puffed rice grains. The objective of the present work was to optimize the thermal
conductivity value of the proposed material based on the used puffing process. The
investigation has been performed for two rice types, short and long, to determine their
effect on the grain puffing ratio. These parameters included: different applied
temperature, moisture contents, and sample weight. The developed samples were
evaluated in terms of their thermal and physical properties and showed similar thermal
performance of the common insulation materials that make it compete in the thermal
insulation market. From the results of this investigation, we arrived at the following
summary of the study’s major conclusions:
•

The puffed rice properties are different from the raw grain and

characterized by its ability to form as the shape of the mold used, smooth
surface, a high porosity between molecules and high interfacial areas.
•

Soaking the raw material ‘rice grain’ with water for a period of 12 hours

approximately will help in get rid of the starch which is the prime component
for most of the cereals that prevent the large expansion.
•

A set of screening experiments was carried out to find out the best rice

type and the direction of the optimal domain of the other parameters.
•

One factor at a time was tested in the screening step to determine the

significant factors affecting the sample thickness, sample shape, surface
smoothness, and puffing ratio.
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•

In terms of puffing ability, the short grains showed a superior

performance at different levels including the puffing ratio, sample thickness,
sample circular shape, and surface smoothness.
•

Exposing the raw material to a high temperature above 270oC resulting

it to burn.
•

Using rice grains with a moisture level over 17% prevents it to be

puffed and expand.
•

The shape of the produced samples was inconsistent or exposed to an

explosion due to the use of small or large amounts of the raw material in the
production process.
•

The three major factors which affect the puffing ability and thermal

conductivity of the insulation sample material production were sample weight,
temperature, and moisture ratio; these factors were operated in the range of 1518 g, 260-270oC and 12-15%, respectively in the response surface method
RSM.
•

The analysis of variance in Minitab 17.0 software was used for

regression analysis of the obtained data to estimate the minimum ratio of the
required response.
•

The optimal sample amount temperature and moisture level have been

found by response optimizer.
•

A total of 15 runs for optimizing the three individual parameters in the

central composite design (CCD) were undertaken.
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•

Analysis of variance for the thermal conductivity value provides a

determination coefficient (R2) as 98.14%. This value indicates that the model
has an excellent fit.
•

The minimum thermal conductivity value of the newly developed

material at its natural conditions without the use of any binders or additives
was found to be at a sample weight of 16.5 g to the used mold 8 cm diameter
circular shape, temperature of 263oC and moisture level of 16%.
•

Adjusting the exact moisture and temperature has a major effect on the

thermal conductivity of the insulation material as well as on the material
puffing ratio. The minimum thermal conductivity value was 0.04971W/m.K.
•

The results show that the thermal conductivity k-value of the new

proposed bio-insulation material is suitable as insulation material especially
when compared with other commercially available thermal insulation
materials.
•

The puffed rice insulation material shows a good fire reaction V1,

according to UL94 V flammability test.
•

The puffed rice layers that had been proposed has a huge

commercialization potential. Moreover, its bio characterization makes it an
environmentally friendly material to use as a sustainable & eco-friendly
thermal insulation material.
Consequently, one could say that the puffed rice insulation material component
gives a big distinction, as it has huge commercialization potential, environmentally
friendly, magnificent stability under fire, no toxic gas emission, and similar thermal
performance of the common insulation materials. These advantages make our
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developed bio-based insulation material a strong competitor in the thermal insulation
market.
Future Work:
•

produce a real size insulation board to be evaluated under actual wall

structure conditions.
•

study of the environmental impact of the degradation of the rice

insulation material composite, which includes humidity and thermal
transmission.
•

Study of the mechanical properties of the final produced sample such

as tensile strength, compressive strength, and shear strength.
•

Cost estimation of the production of the puffed rice insulation material

on a large scale needs to be pursued.
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Appendix
Table 12: The physical and thermal performance for the commercial’s nonrenewable
insulation materials (Schiavoni, 2016) (Jelle, 2011).
Insulation
material

Density
(kg/ m3)

Stone wool

Water
vapor

Thermal
conductivity
W/(m.K)

Speciﬁc
heat
(kJ/kg K)

Fire
classiﬁcation

0.033–0.040

0.8–1.0

A1–A2–Ba

1–1.3

m-value

Glass wool

15–75

0.031–0.038

0.9–1.0

A1–A2

1–1.1

Expanded
Polystyrene

15–35

0.032–0.037

1.25

E

20–70

Phenolic foam

32–40

0.018–0.024

1.45–1.7

E

80–150

Polyurethane

40–160

0.022–0.040

1.3–1.4

B–C

35

Polyisocyanurate 15–45

0.018–0.028

1.3–1.45

E

30–170

Expanded
vermiculite

30–45

0.062–0.100

1.4–1.5

B

55–150

Expanded perlite

30–150

0.040–0.052

0.8–1.1

A1

2.0–3.0

Aerogel (rolls,
panels)

80–150

0.013–0.015

0.9–1.0

A1

2.0–3.0

Aerogel

70–150

0.022

1.0

C

5.0–5.5
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